Precise monitoring of DNA replication and chromosome segregation ensures that there is accurate transmission of genetic information from a cell to its daughters. Eukaryotic cells have developed a complex network of checkpoint pathways that sense DNA lesions and defects in chromosome segregation, spindle assembly and the centrosome cycle, leading to an inhibition of cell-cycle progression for the time required to remove the defect and thus preventing genomic instability. The activation of checkpoints that are responsive to DNA damage or incomplete DNA replication ultimately results in the inhibition of cyclin-dependent kinases. This review focuses on our understanding of the biochemical mechanisms that specifically inactivate Cdc25 (cell division cycle 25) phosphatases to achieve this. The evidence for links between checkpoint deregulation and oncogenesis is discussed.
Introduction
Timely progression through the cell-division cycle requires phosphorylation events carried out by cyclin-dependent protein kinases (Cdks). Specific checkpoints that are activated by damaged or unreplicated DNA rapidly inhibit Cdk activity, delaying progression of the cell cycle to provide time to repair DNA or to complete replication (Zhou & Elledge, 2000) . Cdks are initially activated by their association with cyclin subunits and by phosphorylation on a threonine residue that is located in a conserved amino-acid sequence, the T-loop. These events stabilize the Cdk subunit in its active form, allowing for optimal ATP and peptidesubstrate binding. Although inactivation of Cdk/cyclin complexes can be achieved by ubiquitin-mediated degradation of cyclins (Peters, 2002) , a distinct mode of reversible inactivation can also be triggered by phosphorylating the crucial residues Tyr 15 and Thr 14, which are located within the Cdk ATP-binding loop (Nurse, 1997) . The Wee1/Mik1/Myt1 protein kinases mediate this phosphorylation event, whereas dual-specificity phosphatases of the (cell division cycle 25) Cdc25 family are responsible for the dephosphorylation of Tyr 15 and Thr 14, which leads to Cdk activation ( Fig. 1A ; Pines, 1999) . As dephosphorylation of these residues by Cdc25 proteins is the rate-limiting step for Cdk activation, which in turn leads to cell-cycle progression, elucidation of the mechanisms that govern the regulation of their phosphatase activity in response to checkpoints is of great interest. Here, we will summarize our view of how Cdc25 proteins are regulated during the cell cycle and how this might be linked to tumorigenesis.
Cdc25 phosphatases: key regulators of the cell cycle
The fission yeast cdc25 gene was first identified as a dosedependent inducer of mitosis. Yeast cells that carry a temperaturesensitive allele (cdc25 ts ) arrest in G2 phase (Russell & Nurse, 1986 ). In mammals, three related genes (Cdc25A, Cdc25B and Cdc25C) have been identified and found to functionally complement the defective cdc25 ts strain (Galaktionov & Beach, 1991) . All of the Cdc25 proteins are dual-specificity phosphatases, and can dephosphorylate phosphotyrosine as well as phosphothreonine residues, therefore activating their physiological substrates, the Cdks ( Fig. 1A ; Dunphy & Kumagai, 1991) . Despite sharing a common biochemical mechanism of action, Cdc25 family members have unique characteristics and specific roles in cell-cycle regulation.
Mammalian Cdc25A regulates both early and late cell-cycle transitions (Fig. 1B,C) . Its role in the earlier cell-cycle phases was suggested by the observation that microinjection of Cdc25A antibodies prevents S-phase entry induced by serum stimulation and arrests cells in G1 phase (Hoffmann et al., 1994; Jinno et al., 1994) . Conversely, overexpression of Cdc25A accelerates entry into S phase and prematurely activates Cdk2 (Blomberg & Hoffmann, 1999; Sexl et al., 1999) . A later role in the cell cycle has been suggested by the more recent findings that Cdc25A steady-state levels increase from G1 to S phase, G2 phase and mitosis (Bernardi et al., 2000; Donzelli et al., 2002; Molinari et al., 2000) and that overexpression of the protein can induce mitotic events (Molinari et al., 2000) . These and other data (Donzelli et al., 2002; Mailand et al., 2002) support the notion that Cdc25A has a comprehensive function in the cell cycle, regulating the G1/S transition, S phase and the G2/M transition.
Microinjection studies with Cdc25B and Cdc25C indicate that these proteins may have more limited roles in promoting progression from G2 phase to mitosis (Fig. 1C) ; indeed, injection of antibodies against either protein causes cells to arrest only after they reach G2 (Lammer et al., 1998; Millar et al., 1991) . Despite this similarity in the timing of Cdc25B-and Cdc25C-mediated arrest, the roles of these phosphatases do not seem to be identical. The activity of Cdc25B peaks before that of Cdc25C, and its overexpression induces premature mitosis more efficiently than the overexpression of Cdc25C. One possible mechanism that would account for these findings involves serial activation, with Cdc25B triggering mitosis by dephosphorylating Cdk1/cyclin B, and this modified complex, in turn, activating Cdc25C. As Cdk1/cyclin B is the main substrate of activated Cdc25C, this mechanism would create an amplification loop, leading to an irreversible commitment to mitosis (Hoffmann et al., 1993; Karlsson et al., 1999) .
Cdc25 regulation
Given the structural and mechanistic similarities between the three mammalian Cdc25 homologues, it is likely that the differences in their biological roles are determined by the timing of activation, subcellular localization and substrate recognition of each of the phosphatases. Indeed, the regulation of Cdc25 phosphatases is intricate and occurs at many levels. Whereas Cdc25C protein levels remain constant throughout the cell cycle, those of both Cdc25A and Cdc25B fluctuate greatly. Furthermore, the activities of all three proteins seem to be modulated. The mechanisms that regulate the accumulation and the activation state of the Cdc25 phosphatase isoforms are discussed here, and are also summarized in Table 1 .
In the case of Cdc25A, messenger RNA and protein levels begin to accumulate in late G1 after serum stimulation of quiescent fibroblasts (Jinno et al., 1994) , and the expression of the protein from G1 to S is thought to depend on the transcription factors c-Myc and E2F (Bernardi et al., 2000; Galaktionov et al., 1996; Vigo et al., 1999) . Cdc25A is phosphorylated and activated during S phase by its own substrate, Cdk2/cyclin E, allowing for amplification of the signal that triggers cell-cycle progression (Hoffmann et al., 1994) . Cdc25A is rapidly turned over throughout interphase (Donzelli et al., 2002) , yet it continues to accumulate through S phase and G2 and, in mitotic cells, it becomes stabilized by Cdk1/cyclinB-mediated phosphorylation on Ser 17 and Ser 115 (Mailand et al., 2002) . As cells exit mitosis, rapid APC/C Cdh1 (anaphase promoting complex or cyclosome)-ubiquitin-mediated degradation of Cdc25A occurs (Donzelli et al., 2002) Mailand and colleagues (2002) have suggested that Cdc25A exists in a stable mitotic form, as well as a labile interphase state, and that the latter allows for fine-tuning of the Cdc25A thresholds required for cell-cycle transitions and cell-cycle delays in response to checkpoint activation. The pathways that lead to this multi-tiered regulation of Cdc25A are probably controlled by the ubiquitin ligases classified as SCF (Skp1/Cul1/F-box) complexes (Donzelli et al., 2002) .
Cdc25B is also an unstable protein (Nishijima et al., 1997) , although its expression pattern is less complex than that of Cdc25A. It accumulates during the late S and early G2 phases of the cell cycle and its activity peaks at the G2/M transition, at which point it becomes hyperphosphorylated by an as yet unidentified kinase (Gabrielli et al., 1997; Lammer et al., 1998) . Cdc25B is ultimately targeted for proteasome-dependent degradation, which requires phosphorylation mediated by the Cdk1/cyclin A complex (Baldin et al., 1997) .
Cdc25C remains inactive for most of the cell cycle. Indeed, Cdc25C phosphatase activity is undetectable during interphase and only becomes measurable as cells enter mitosis ( Jessus & Beach, 1992) . This activation correlates with Cdc25C hyperphosphorylation, which is triggered by Cdk1/cyclin B. Cdc25C phosphorylation and activation by its own substrate allows for signal amplification and contributes to the burst of Cdk1/cyclin B activity that drives mitosis (Hoffmann et al., 1993) . This finding also indicated that a distinct Cdk1/cyclin B phosphatase (Cdc25A or Cdc25B) could trigger the initial activation of the complex. In addition to Cdk1/cyclin B, other protein kinases phosphorylate Cdc25C and regulate its function. C-Tak1 (Cdc25C-associated protein kinase) can bind and phosphorylate human Cdc25C on Ser 216 (Peng et al., 1998) . The checkpoint kinases Chk1 and Chk2 can also catalyse this phosphorylation event (Matsuoka et al., 1998; Peng et al., 1997; Sanchez et al., 1997) , as discussed in more detail below. In human cells, Plk1, which belongs to the polo-like kinase (PLK) family (Glover et al., 1998; Nigg, 1998) , has also been shown to phosphorylate Cdc25C and to promote its nuclear translocation during prophase (Toyoshima-Morimoto et al., 2002) .
In human cells, Cdc25A is localized to the nucleus (Hoffmann et al., 1994; Molinari et al., 2000) , whereas Cdc25B has been shown to localize to the cytosol (Gabrielli et al., 1996) . The localization of Cdc25C is still a matter of contention, as Cdc25C has been described as nuclear-based in some studies but cytoplasmic in others (Graves et al., 2001; Heald et al., 1993; Millar et al., 1991) . The reasons for this discrepancy are unclear at present and might reflect differences in the genetic backgrounds of the cell lines used. Thus, the issue requires further work to be univocally resolved. In human cells, CDC25C is phosphorylated on Ser 216 throughout interphase, but not in mitosis. This creates a binding site for 14-3-3 proteins (Peng et al., 1997) , which are known to specifically recognize phosphoserine-containing motifs in proteins involved in signal transduction and cell-cycle regulation (Muslin et al., 1996; Yaffe et al., 1997) . It has been suggested that 14-3-3 protein binding is responsible for retaining Cdc25C in the cytoplasm during interphase, thereby contributing to the prevention of premature initiation of mitotic events (Dalal et al., 1999 ; for a review, see Takizawa & Morgan, 2000) .
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Cdc25 and DNA damage checkpoints
Cdc25 phosphatases have a key role in the checkpoint response to unreplicated or damaged DNA. This was first shown in fission yeast, where it was found that Cdc25 is phosphorylated by the Chk1 protein kinase in response to DNA damage (Furnari et al., 1997) . Indeed, in all eukaryotes studied, with the exception of budding yeast, checkpointmediated phosphorylation of Cdc25 proteins results in their functional inactivation, in turn preventing Cdk dephosphorylation and activation. In fission yeast, Chk1-mediated phosphorylation of Cdc25 creates a binding site for 14-3-3 proteins. Mutations of canonical 14-3-3 binding sites that are created by both Chk1-and Cds1 (Chk2)-mediated phosphorylation, disrupt the checkpoint response to damaged or unreplicated DNA (Zeng & Piwnica-Worms, 1999) . It has been proposed that 14-3-3 proteins provide a nuclear-export signal (NES) that enhances the export of Cdc25, thus separating Cdc25 from the nuclear pools of Cdk1/cyclinB and preventing the cell from entering mitosis until the damaged DNA is repaired (Lopez-Girona et al., 1999) . More recent findings have shown, however, that yeast cells carrying a nuclear localization signal (NLS)-targeted Cdc25 have an intact DNA damage response (Lopez-Girona et al., 2001) . Furthermore, Cdc25 phosphorylation and 14-3-3 binding do not require Chk1 and are not affected by DNA damage (Chen et al., 1999) . Chk1-mediated phosphorylation of Cdc25C has also been shown to occur in Xenopus and human cells (Kumagai et al., 1998a,b; Peng et al., 1997; Sanchez et al., 1997) . Evidence from Xenopus suggests that 14-3-3 proteins might sequester Cdc25C in the cytoplasm by masking an NLS on the protein (Kumagai & Dunphy, 1999; Yang et al., 1999) .
In mammalian cells, the activation of Chk2 and Chk1 after DNA damage and/or a replication block is dependent on the ataxiatelangiectasia mutated (ATM) and ATM-related (ATR) protein kinases. ATM and ATR become activated primarily in response to ionizing radiation (IR), or ultraviolet (UV) light and DNA replication inhibitors, respectively, although some level of crosstalk exists between the two pathways ( Fig. 2A,C ; Shiloh, 2001 Shiloh, , 2003 Zhou & Elledge, 2000) . Activated Chk1 and Chk2 can phosphorylate Cdc25C on Ser 216 in vitro, thus creating a binding site for 14-3-3 proteins (Matsuoka et al., 1998; Peng et al., 1997; Sanchez et al., 1997) . A mutation that prevents phosphorylation of Ser 216 abrogates 14-3-3 binding and expression of a Ser 216-Ala mutant causes cells to bypass a cell-cycle arrest induced by IR or DNA replication inhibitors (Peng et al., 1997) . This is thought by some to reflect a requirement for Cdc25C to be retained in the cytoplasm in the presence of damaged DNA, and raises the possibility that binding to 14-3-3 proteins might prevent mitosis, allowing time for DNA repair (Dalal et al., 1999; Takizawa & Morgan, 2000) . However, another appealing model that is consistent with data from yeast and from the reports of nuclear Cdc25C localization, is that 14-3-3 proteins bind and export Cdc25C from the nucleus in response to checkpoint activation ( Fig. 2A ; Pines, 1999) . Although genetic and biochemical evidence in Xenopus and fission yeast supports both models, the finding that Cdc25C in interphase human cells is constitutively phosphorylated on Ser 216 and bound to 14-3-3 proteins challenges their universal validity. Furthermore, although it is evident that 14-3-3 proteins negatively regulate Cdc25C, it is unclear how the sequestration of a 14-3-3/Cdc25C complex in the cytoplasm would function as a checkpoint, as this places Cdc25C in the same subcellular compartment as Cdk1/cyclin B complexes. It is also unclear what the relative contributions of the C-Tak1, Chk1 and Chk2 kinases are in terms of determining the Cdc25C Ser 216 phosphorylation status in cycling cells and in cells treated with DNA-damaging agents or DNA-replication inhibitors. Recently, an additional mechanism for regulating Cdc25C has been reported, whereby arsenite-induced G2 arrest might occur through ubiquitin-dependent, APC/C-mediated degradation of the phosphatase (Chen et al., 2002) . The relevance of these findings remains to be clarified, given that Cdc25C was not clearly shown in this study to be a direct substrate of APC.
Like Cdc25C, Cdc25B seems to be targeted by DNA-damage checkpoints. Bulavin and colleagues (2001) showed that inhibition of p38 results in an abrogation of the G2/M checkpoint after UV irradiation. They also showed that p38 can phosphorylate Cdc25B in vitro, unmasking a putative 14-3-3 binding site (Ser 309), and that expression of a S309A mutant can overcome a G2 arrest induced by UV irradiation (Fig. 2B) . Given that the serine residue targeted by p38 was found to be phosphorylated in unperturbed cells as well, and that most of the results are from in vitro studies, further work will be needed to understand the contribution of this mechanism to a checkpoint response.
Cdc25A inactivation can contribute to an immediate block of the cell cycle, leading to an apparently p53-independent G1 arrest , an S-phase delay (Falck et al., 2002) or a G2 arrest (Mailand et al., 2002) . Cdc25A is an unstable protein (Donzelli et al., 2002) and its degradation can be critically accelerated in the presence of unreplicated or damaged DNA (Falck et al., 2001; Mailand et al., 2000; Molinari et al., 2000) . Accelerated Cdc25A degradation, as a result of phosphorylation by the Chk1 and/or Chk2 protein kinases, results in sustained inhibitory phosphorylation of Cdk2, leading to G1 arrest and a block in S-phase entry (Fig. 3A,B) . Likewise, a failure to dephosphorylate and activate Cdk2 results in an S-phase delay, as it prevents the loading of the essential replication factor Cdc45 and, in turn, recruitment of DNA polymerase to replication origins ( Fig. 3B ; Falck et al., 2002) . In human cells, the integrity of the ATM/Chk2/Cdc25A/Cdk2 pathway was found to be required to prevent radioresistant DNA synthesis (Falck et al., 2001) . In the presence of double-stranded breaks (DSBs) caused by ionizing radiation, cells activate the ATM protein kinase, which has a broad range of target proteins, including Chk2. The activated Chk2 then phosphorylates Cdc25A on Ser 123, targeting the phosphatase for ubiquitin-dependent proteasomal degradation (Falck et al., 2001) . It should be pointed out, however, that primary mouse embryonic fibroblasts (MEFs) derived from Chk2-deficient mice did not undergo radioresistant DNA synthesis in response to IR, a phenotype consistent with a functional intra-Sphase checkpoint (Hirao et al., 2002) . This points to the existence of mechanisms in addition to Chk2-mediated inactivation of Cdc25A that prevent cell-cycle progression of damaged cells. Chk1 is likely to be one of the factors that compensates for a lack of Chk2. Indeed, Cdc25A is a versatile sensor of damage, as it can also be phosphorylated by Chk1 in response to exposure to both UV light (Mailand et al., 2000) and IR (Sørensen et al., 2003; Zhao et al., 2002) . Sørensen and co-workers (2003) have shown that Chk1-mediated phosphorylation of Cdc25A induced by IR exposure occurs on Ser 123 and three additional serine residues, and that this event is ATM-dependent (Fig. 3B) . The same authors reported that phosphorylation at these residues by Chk1 occurs even during an unperturbed cell cycle, consistent with the finding that Chk1 is active during S phase and G2 irrespective of checkpoint activation (Liu et al., 2000) . They suggest that both Chk2 and Chk1 are involved in Cdc25A degradation induced by IR and that accelerated proteolysis results from increased phosphate incorporation on crucial residues by the combined actions of both kinases. The observation that Chk1 and Chk2 have analogous and significantly overlapping functions, the former being an essential kinase and the latter being a modulator of checkpoint responses, partially explains the unpredicted phenotype of Chk2 knockout mice. Finally, a requirement for Cdc25A-induced degradation during G2-phase checkpoint activation has been postulated, consistent with its apparent role in mitosis (Mailand et al., 2002) . A tentative model is represented in Fig. 2C , although biochemical validation is still missing.
The regulation of Cdc25 phosphatases at many levels in response to the activation of intrinsically (for example, by replication errors) or extrinsically (for example, by DNA damage) induced checkpoints allows for close monitoring of cell-cycle progression. In organisms such as fission yeast, a single Cdc25 phosphatase is targeted by distinct checkpoint mechanisms. In higher eukaryotes, the existence of several Cdc25 proteins, which show some redundancy in their ability to control the cell cycle and the response to checkpoint activation, might be explained by their localization to specific cellular compartments and their distinct modes of temporal activation. Although earlier studies focused on elucidating the role of the Cdc25C phosphatase in checkpoint control, with an attempt to describe an evolutionarily conserved mode of checkpoint activation, more recent work has highlighted the function of Cdc25A as a master Cdk phosphatase. Rapid inactivation of this phosphatase by ubiquitin-mediated proteolysis can achieve a sudden inhibition of Cdk dephosphorylation and contribute to an immediate arrest in cell-cycle progression. The relative contribution of Cdc25A, Cdc25B and Cdc25C to checkpoint activation in mammalian cells remains to be clarified. In this regard, it should be noted that Cdc25C Ser 216 phosphorylation does not occur in mouse cells, as mouse Cdc25C does not have an equivalent to this residue. Furthermore, mice that lack Cdc25C are viable and fertile, and their cells seem to have a normal checkpoint response to DNA damage (Chen et al., 2001) . This unexpected phenotype can be partially explained by data reported by Mailand and colleagues (2002) , who have proposed a model in which all three Cdc25 proteins are involved in mitotic regulation. According to this model, Cdc25A and Cdc25B would compensate for the lack of Cdc25C in the knockout mice by performing redundant functions. Alternatively, the compensation for Cdc25C loss might be ascribed to the role of the Wee1/Mik1/Myt1 protein kinases in the G2/M checkpoint, as has been suggested by Raleigh & O'Connell (2000) .
Cdc25 deregulation in cancer
Cdc25A and Cdc25B, but not Cdc25C, can induce the transformation of primary rodent cells in the presence of either an activated Ha-RAS mutant or a retinoblastoma (pRb) deletion (Galaktionov et al., 1995) . Deregulated expression of Cdc25B in transgenic mice induces mammary gland hyperplasia and increases susceptibility to mammary tumours (Yao et al., 1999) , and the overexpression of Cdc25A and Cdc25B has been described in cancer cell lines and human primary tumour samples (Takemasa et al., 2000) . Overexpression of Cdc25 proteins in tumours could also result from a reduced rate of degradation. Mutations occurring in both the ATM and Chk2 genes, or upstream components of these pathways, are expected to result in a failure to activate Cdc25 degradation in response to DNA damage, thus contributing to the genomic instability and cancer predisposition described in syndromes in which these genes are affected (Bell et al., 1999; Painter & Young, 1980) . Mutations in the ubiquitin ligases that mediate the degradation of Cdc25A could also cause an increase in its abundance. It has indeed been shown that Cdc4, an F-box protein that targets cyclin E in human cells, is mutated in a subset of human tumours, leading to an upregulation of cyclin E (Strohmaier et al., 2001) . The identification of the Cdc25A ubiquitin ligase will allow this hypothesis to be tested. Cdc25A, cell-division cycle 25A; Cyc, cyclin.
